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P. S.Myers,andO.A. Uyehara

SUMMARY
,

Thepresentreportcomparesexperimentalandcalculatedmassand
temperaturehistoriesofdropsvaporizingwitha constantvelocityrela-
tivetotheairandconfirmsthethoughtthat,undermanyconditions,the
unsteadystateortimerequiredforthedropto reachthewet-bulbtempera-
tureisanappreciableportionofthetotalvaporizationtime.

WorkwasdonetoverifyorUsprovetheassumptionsusedinthecom-
putations.Dataarepresentedto showthattheassumptionof Infinite
thermalconductivityisvalidprimarilybecauseofcirculationinsidethe
drop. Thepresenceofthiscirculationwasverifiedby high-speedmotion
pictures.Theneedfora correctionfactortotheheattransferto express
theeffectofmasstransferonheattransferwasconfirmedaswellasthe
needfora correctionfactorto correctforunidirectional(asopposedto
eqtiolal)diffusion.

Workwasalsodoneto evaluatetheextentandeffectofheattrans-
ferdownthethermocouplewiressupportingthedrop.Itwasshownthat
ifwiresoflargediameterorhighthermalconductivitywereusedtheheat
transferwasnotnegligible.Theexperimentaldatawerethentakenusing
small-diameterwiresoflowthermalconductivity.

Calculationswerealsoperformedusingdifferent
relationsaswellasdifferenttypesofaveragingthe
film. Itwasfoundthatthebiggestvariationwasin
diffusioncoefficient.By usingthehighestcomputed

heat-transfercor-
propertiesofthe
thevalueofthe
valueforthedif-

fusioncoefficient,theuseofthecorrelationsofRanzandMarshallin
thecomputationsproducedcurvesthatagreedreasonablywellwiththe
experimentalcurves.

A fewprelhinarytemperaturehistoriesofthevaporizingdropsof
binarymixtureswerealsotakenaswell.asa fewhistoriesofdropsof
differentfuelsvaporizingin’airat sufficientlyhightemperaturesthat
burningofthedropstookplace.Whileprecisetemperaturehistorieswere
notobtainedthemeasuredsteady-statetemperatureswereclosetothe,
boilingtemperatureswhenburningoccurred.

...— ..__ —______ ———— .—— .— _ . . - —— . .
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INTRODUCTION

Fuelinjectedintoa mnbustionchamberby a nozzleleavesthenoz-
zleorificeas sheetsorligamentswhicheventuallybreakdownintodrops
ofvar@ngsizes.As soonasthesedropsareformed,theystartheating
uptotheirsteady-stateorwet-bulbtemperatures,whicharea function
ofthetypeoffuelusedandthetemperatureandpressureofthesurrounding
air.

Thehrportanceofthefractionofthetotalvaporizationthe ofa
fueldropoccupiedbytheunsteady-stateorheating-upportionwasstressed
ina previoustheoreticalinvestigation(ref.1). Itwasestimatedfrom
calculateddatathatthelargerdropsemanatingfroma jet-engine
ccmibustion-chamberinjectorreachthecombustionzonewhilestilJInthe
unsteadystate.Consequently,itisbelievedthatcomputationswhich
includeonlythewet-bulbor steady-stateportionofthevaporization
timeoffueldropsdonotpresenta truepictureofthetimeelapsedand
thedistancetraveledbeforecombustionoccursintheheterogeneousmix-
turethatexistsina jet-enginecombustionchamber.

Reasonableagreementbetweenexperimentandtheorywasreachedand
progresswasmadeinunderstandingtheeffectsofmanyvariablesentering
intothecalculation.It isbelievedthatiftheequationscanbe veri-
fiedforuseon smalldropstheywillbe ofhelpinunderstandingthe
complexphenomenathatoccurpriortotheconibustionzoneofa jet-engine
combustionchaiber.

ThisinvestigationwasconductedattheUniversityofWisconsinunder
thesponsorshipandwiththefinancialassistanceoftheNationalAdvisory
CommitteeforAeronautics.

SYMBOLS

A

Ao

B.

c~zC2...

Cpf

cpL

,
area,sqin.

surfaceareaofliquiddrop,sqin.

thicknessofair-vaporfilmsurroundingdrop,in.

constants

specificheat

specificheat

—,
.,

offuelvaporat constantpressure,Btu/(lb)(~)

ofliquidfuel,Btu/(lb)(OF)
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%
specificheatofair-vapormixture,Btu/(lb)(OF)

% diffusioncoefficientofair-vaporsystem,sqin./see

dv diffusionvelocitywithrespect to a planemovingat“mass
averagevelocity,in./see

EL internalenergyofliquid,Btu/lb

F massfluxvectorforvaporwithrespectto liquidsurface,
lb/(sqin.)(sec)

f mold massfluxvectorforvaporwithrespectto liquid
surface,lbmole/(sqin.)(sec)

H molecubrenthalpy,Btu/lb

HL = EL+ pVL

h coefficientofheattransfer,Btu/(sqin.)(sec)(%)

I heatfluxwithrespectto liquidsurface,Btu/(sqin.)(sec)

Ji massfluxvectorofcomponenti tithrespectto a plane
movingatmassaveragevelocity,lb/!(sqin.)(sec)

K thermalconductivity,Btu/(in.)(sec)(Ol?)

‘/3 coefficientofmasstransfer,l/see

%1 averagethermalconductivityinair-vapormixture,
Btu/(in.)(sec)(%?)

L ener~transportedto llqyldsurface,Btu/sec

M molecularweight,lb/mole

Ma molecularweightofair,lb/mole “

& molecularweightoffuel,lb/mole

ML ~SS ofliquiddr~, lb

%1 apparentmolecularweightofair-vapormixture,lb/mole

.-—. .. —..—.——-—.. —-. — — ~.. -—— —- .. . .. —-—. ———---
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%u

‘Nu’

%3

NSc

n

%

nL

P~

P

Pa

‘f

‘fb

‘fL

Q

%

Qo
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totalmassvaporizedfrm drop,lb

massofmoleculeofcomponenti,lb/molecule

molecularmassofliquid,lb/molecu3.e

NW seltnumberforheattransfer,unitless

Nusseltnumberformasstransfer,unitless

Reynoldsnuniber,unitless

Schmidtnumber,u.nitless

totalnuniberdensity,E ni

numberdensityofanyccmponenti,molecules/cuin.

numberdensityofU.@d, molecuJ_es/cuin.

totalpressure,lb/sqin.

partialpress~e,lb/sqin.

partialpressure

partialpressure

partialpressure
be zero,lb/sq

partialpresmre

ofair,lb/sqin.

offuelvapor,lb/sqin.

offuelvaporatfilmboundaryconsideredto’
in.

offuelvaporatliquidsurface,equalto
liquidvaporpressure,lb/sqin.

totalheattransferfromairto drop,Btu/sec

sensibleheatreceived- “ -‘ ‘Dyarop,BTU1sec

heatarrivingat inner

heatcarriedbackwith
Btu/sec

segmentinsidedrop,Btu/sec

d3ffusingvaporinformofsuperheat,

——-—. -— -——— —



NACATN 3490 5

Qv
~

R

r

‘f

‘fo

r.

T

Tas

TB

TL

Tm

v~

‘L

u

w

x

z

heatreceivedatdropsurface,Btu/sec

ener~fluxvectorwithrespectto a planemovingatmass
averagevelocity,Btu/(sqin.)(sec)(%’)

universal’gasconstant,in-lb/(mole)(OF)

radiusatanypointinfilm,in.

molalrateofdiffusionoffuelvaporatradiusr infilm,
moles/(sqin.)(sec)

mold rateofdiffusionoffuelvaporat liquidsurface,
moles/(sqin.)(sec)

radiusofdroporincrementofdrop,in.

temperatureinfilmatradiusr, %

asymptoticorwet-bulbtemperatureofdrop,%

airtemperatureatfilmboundary,%

temperatureofliqyiddrop,OR

meantemperatureinfilmor segmentofdrop,OR

velocityofonecomponentwithresectto otherina two-
rcomponentdiffusionsystem,in.sec

/absolutevelocityofliquidsurface,in.sec

velocityofdropwith

rateofmassofvapor

thiclmessof segments

correctionfactorfor

Z=X!2Z ‘o
4YI~ro(r.+ ‘o)

a correctionfactorfor

respectto air,in./see

diffusedout,lb/see

withindrop,in.

heattransfer,— unitless
e’‘-1’

masstransfer,unltless

.-— .. -—-—. —.. ...—. .__ .._ —._ ____ _., .- _____ ._.
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e the, sec

‘t
totaltimeofvaporizationofliquiddrop,sec

.
P density,lb/cuin.

Pa densityof

PL densityof

pm densityof

ah, lb/cuin.

liquiddrOp, lb/cuirl.

air-vapormixtureinfilm,lb/cuin.

Pn massdensityofmixture,lb/cuin.

A latentheatofvaporization,

. Subscripts:

i ccmponenti

1 component1 or se~ent 1

2 component2 or segment2

Superscripts:

o conditionofextremelysmall

* reducedvalue

Btu/lb

pressuredifference

APPARATUS

Theexperimentalapparatusshownschematicallyinfigure1 was ‘
designedtomeettworequirements:Onejto studya dropoffuelunder
conditionsas closeaspracticabletotheconditionsencounteredby drops
ina combustionchamber,and,two,to obtainaccuratetemperatureand
radiushistoriesofthedrop.

Temperaturehistorieswereobtainedby hanginga dropona thermo-
coupleandrecordingtheoutputofthethermocouplewitha recorder.The
outputofthethermocouplewasrecordedwhena suddenblastofheatedair
waspassedoverthedrop.Dropsoffuelof gg-percentmolepmity were
formedonthethermocouplewitha syringeandhypodermicneedleandtheir
instatianeousradiuswasrecordedbymeansofa motion-pitiurecamera.

. .

.. .—
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As showninfigure1,airfroma
squareinchgagewaspassedthrougha
by controllingthepressureoneither

7

laboratorylineat80poundsper
porousstonefilterandwasmetered
orbothoftwocriticalflowori-

fices.After-meter&,theairwaselectricallyheatedandthenpassed
intoa calmingsectionconsistingofa 21-inchlengthofh-inchpipewith
internalflowcontrolas showninfigure1. Thenozzleattheendofthis
sectionwasconstructedaccordingtothestandardspecificationsforflow
nozzlesoftheInternationalStandardsAssociationandprovideda stresm
ofairofknownvelocityhavinga comparativelyf-t velocityprofile.A
metaldeflectorpreventedtheairblastfrompassingoverthedropexcept
whendesired.Whenthisdeflectorwassuddenlyremoved,thedropwassub-
jectedto a suddenblastofair. 5ke testsshowedthattheal??formed
a smoothcylindricalcolumnforsomedistanceabovethethermocouple.

Absolutevelocitymeasurements(usinganIllinoisTestingLaboratory
velometeraccurateto about5 feetper-e) weremadeatthethermo-
couplelocationabovethenozzle.Theexactvelocityprofilecouldnot
be determinedtiththevelometer,sincethevelometernozzlehada l/k-inch
insidediameter.However,novariationinthevelometerreadingwasnoticed
untilthecenterofthevelometernozzlewas1/8inchfromtheouteredge
ofthel-inchflownozzle.

Figure2 showsa diagramofthecircuitusedtomeasureandrecord
thetemperaturehistoryofthedrops.Forreasonswhichwillbe explained
later,3-roilconstantanandmanganintireswereusedforthethermocouple.

Thejunctionsbetweenthethermocouplewiresandtherecorderwires
werekeptin separateicebaths.A switchingarrangement,whichplaceda
potentiometerinserieswiththethermocouple,permittedthezeropointof
therecordertobe shiftedas desired.~S ~ent pro~dedgood
sensitivityirrespectiveofthetemperaturelevel.

Thetemperaturescalefortherecorder-thermocouplecombinationwas
determinedby calibratingthethermocoupleinoil. Thetimescalefor
therecorderwasdeterminedfromtheknownrecorderchartspeed.Itis
estimatedthat,titha chartspeedof26 inchesperminute,theerrorin
readinga certainpointmightbe 0.10second.Ifthescatterinthe
experimentalwet-bulbtemperaturesisan indicationofthetemperature
error,thentemperaturesmaybe inerrorby*4°F, ofwhich*2°F might
be scalingerrorfromtherecorderchart.Therecorder,usedforthework
describedabovewasa mdifiedsingle-point,strip-char&Vl-second,
Speedomaxrecorder. ,,

Itwasfoundthatmorenearlysphericaldropswereobtainedifeither
thethermocouplejunctionwasmadeintheformofa beadora smll bead
of someothermetalwasformedonthejunction.Dropshapesduringa
typicalexperimentalrunareshowninfigure3 wherethebead~d thermo-
coupleleadsareshownas shadedareas.Theouterlineshowstheshapeof

—. ——.——. —. —. ——..— ..— .—— —.—- .—.
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a drophanginginzero-velocityair. Thesecondoutlineshowstheshape “
thedropwouldtakean instantaftertheairblastisapplied.Thedrop
sizedecreasesasvaporizationoccursuntilthesurfacetensionandthe

!.

forceoftheairblastmovethedropupwardonthethermocoupleas shown
inthefigure.TIN?tendencyofthedroptoblowofforup onthethermo-
coupledetemninesthemaxhumpermissibleairvelopity.

Radiushistorieswereobtainedbytakinga motionpictureofan
enlargedimageofthedropwhentheimagewasprojectedona ground-glass
screen.Theopticalsystemandcameraareshownschematicallyinfigure1.
A 300-wattprojectionlampandreflectorservedasa lightsource.The
opticalsystemwascalibratedby placinga wireofknowndiameterinplace
ofthedrop. ,

Timingmarkswereprducedonthefilmby interruptingIlghtfroma
steadysourcewitha chopperdrivenby a synchronousmotor.Thetimeat
whichtheair-blastdeflectorwasremovedwasdeterminedby alsophoto-
graphinga neonthing lightwhichwasautomaticallyturnedonby the
removalofthedeflectorplate.The~ameteroftheimageofthedropon
thefilmwasobtainedby usinga microfilmviewer.

Thevolumeofthedropswasdeterminedby assumingthatthedropwas
a spherehavinga dismeterequaltothelargesthorizontaldiametermeas-
uredfromthefilm.Thisis,ofcourse,notprecise,sincethedropis
somewhatdeformed,especiallyduringtheinitialperiod.Thisalsodoes
notconsiderthevolumeoccupiedbythethermocoupleanditsbead;that
is,whentheliquidhsilalldisappearedonewouldnotstatethatthedrop
was100-percentvaporized.Asmybe seeninfigure3 theerrordueto
deformationdecreasesasthedropevaporates.Thediscrepancybetweenthe
surface-volumeratioobtainedfromexactmeasurementsofthedropsizeand
theratioobtainedby consideringthedropasa spheredidnotexceed
3 percent.

Exl?ER~ REsu13s

MeasurementofSurfaceandCenterTemperaturesofDrops

Thetheoreticalcalculationsfortheunsteadystatepresentedinref-
erence1 assumedinfinitethermalconductivitywithintheliquiddrop.
Boththeestimateoftheeffectofassuminginfinitethermalconductivity
presentedinreference1 andcalculationstobepresentedlaterindicated
thatthisassumptionmightbe of questionablevalidityundercertaincon-
ditions. Thusanexper~ntalinvestigationofthetemperaturegradients,
ifany,-withinthedropduringtheunsteadystatewereundertaken.

A fueldropwashungonthreeequallyspacedthermocouplesof size-,
38manganin-const-tanwiresas showninfigwre4. Thecenterthermocouple

..— —.—
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andoneofthetwooutlyingthermocoupleswereusedfortemperaturemeas-
urementwhilethethirdwasusedforsymmetryreasons.Theouterthermo-
couplethatwasusedformeasurementwasconnectedtothe8 even-numbered
pointsofa 16-Pointhigh-speedrecorderandtheinnerthermocouple,to
the8 odd-numbered,points.Thusthetwothermocouplereadingswererecorded
alternatelyontherecorderchart.

Cetanewasusedasthefuelsince,becauseofitslowvolatiiity,it
wouldbe expectedto showa largetemperaturedifferencebetweenthecen-
terandsurfaceofthedrop.Figure5 showstemperaturehistoriesofthe
centerandsurfacetemperaturesofa cetanedrop.Figure5 isrepresenta-
tiveofallcetanedropsmeasuredunderclifferentairtemperaturesand
velocities.A fewexperimentswerealsoperformedusingn-octaneas a
fuelwithsimilarresults.Itwasconcludedfromtheseexperimetialresults
thatat leastovertherangeofconditionsforwhichdataweretakenno
detectabletemperaturegradientexistsina dropvaporizinginanair
stresm.

InternalCirculationinDrops

Duringtheaforementionedstudiesmotioninsidethedropwasnoticed.
Sincetheabsenceofa temperaturegradientinthevaporizingdropscould
be explainedby internalcirculation,a photographicstudyofthismove-
mentwasundertaken.Theresultofthisphotographicstudyisshownin
thefilm“CirculationinDrops”whichisavailableasa supplementtothis
TechnicalNoteandcanbe securedonloanfromtheDivisionofResearch
Information,NationalAdvisoryCommitteeforAeronautics,Washington,D. C.
Suchmovementhasalsobeenobservedby otherworkers(refs.2 to 5).

Forthecirculationstudies,dropsofclifferentfuelswerehungona
drawn-glassfiber.A snkll.amountoffinealuminumofidewasmixedwith
theliqyidbeforeformingthedrops.Thedropswerethenilluminatedand
photographed.Themotionofthealuminumoxidedustparticleswithinthe
dropswasan indicationof internalcirculation.Itwasfoundthatifthe
dustpaI%iclesweretoofineidentificationoftheparticlesbecamecliffi-
cultbecauseoffilmgrain,whileifthedustparticlesweretoocoarse
theyeithertendedto settletothebottomofthedropordidnotfollow
thefhid motion.

Motionpicturesweretakenofhops ofn-octaneandcetaneofapproxi-
mately2,000-microndiameterunderthefo~owingconditions:

(1)n-Octanedropsin stillairat 70°F withcameraspeedsof16,
32,and64framespersecond

(2)n-Octanedropsinanairstreamat 2500,Fwithcameraspeedof
64framespersecond

. . —- —-—.. ——. ...—
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(3) cetanedropsinstiXlairat800F withcameraspeedof64frames
persecond

(4)Cetanedropsinairstreamsat 250°F withairspeedsof2,4,6,
and8 feetpersecondandwithcameraspeedof& framesper
second

(5)A Cetanedropina 6-foot-per-secondairstreamat2500F with
cameraspeedof1,430framespersecond

Framesfromtheseshotsareshowninfigures6 and7. Infigure7
thearrowpointsto oneparticularparticle.Thisparticlecanbe seen
to changeposition.Theframesshownweresevenframesor1/200second
apart.Figure8 showsthedirectionofmotioninsidethedropswithand
withoutanairstream.Inallthesepicturesfrontilluminationwasused
onthedrops.A carbonarcwasusedforthelow-speedpictures(conditions
(1)to (4)above),whilea zirconiumarcwasusedforthehigh-speedpic-
tures(condition(5)).A watercellwasusedto minimizeheatingofthe
dropsby radiationfromtheilluminatingsource.

.

HeatTransferFromThermocoupletoDrop

Theexperimentallymeasuredtemperaturehistoriesofthevaporizing
fueldropswereobtainedasfaraspracticableunderconditionssimilar
tothoseencounteredby a dropinjectedintoa combustionchamber.Since
thedropsintheccmibustionchariberareobviouslynothangingfroma
thermocoupletheeffectofthesupportingdeviceontheheattransferto
thedrops& of@ortance.

Waterwasusedfirstintheinvestigationoftheeffectofthesup-
portsbecauseaccuratewet-bulbtemperaturesareavailableinthelitera-
turefora widerangeoftemperatures.Figure9 showsthreetemperature
historiesofdropsofwaterallvaporizingina streamofairat300°F
andatmosphericpressure.tie I wasobtainedwitha 10-milcopper-
constantanthermocoupleandshowsbotha highanda continuouslyrising
wet-bulbtemperature.CurveIIwasobtainedwitha 3-roilcopper-constantan
thermocoupleandshowsto a lesserdegreethehighandcontinuouslyrising
characteristicofCurveI. CurveIIIwasobtainedwitha 3-roilmanganin-
constantanthermocoupleandshowsan essentiallyconstantwet-bulbtempera-
ture.Figure10 showstheeffectoftheabovethreedifferent-sizethermo-
couplesonthewet-bulbtemperaturesofdropsofn-octanewhensubjectedto
alrstreamsofvaryingtemperatures.Therangesofwet-bulbtemperatures
shownforthe10-and3-roilcopper-constantanthermocouplesrepresentthe
totalriseofthesteady-statetemperaturereadingbeforethedropsevapo-

,,

rated.Therangewasessentiallyzerowhenusinga 3-roilmanganin-constantan
thermocouple.

———.—
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Theaboveresultscanbe explainedonthebasisofanappreciable
quantityofheatbeingconductedthroughthesupportingthermocouple
wires.Ifheatisconductedthroughthethermocouplewiresata constant
rateandthroughthefilmata varyingrate(becauseofthedecreasein
surfaceareawithdropsize)a risingwet-bulbtemperaturecurveshould
resultas showninfigure9. Sincemanganinhasapproximatelyone-fifteenth
thethermalconductivityofcopperitisbelievedthattheeffectofthe
thermocoupleintransferringheatto thedrophasbeenmadenegligibleby
a small-sizemnganin-constantanthermocouplewireas evidencedby curveIII
offigure9.

ExperimentalTemperatureandMassHistories

Morethan100experimentalradiusandtemperaturehistorieshavebeen
obtainedfortheconditionsshownintable1. Sincereproducibilitybf
resultswasof interest,someduplicaterunsweremadeandtheagreement
ofresultswasnoted.SampleduplicaterunsareshowninfiguresU.(a)
andXL(b)forn-hexaneandn-heptane,respectively.

Theeffectofdifferentairtemperaturesonthetemperatureand
radiushistoriesareshowninfigures12(a)and12(b)forisooctaneand
n-decane.Thevelocityoftheairvariedbetweennarrowlimitsas shownin
thefigures.Thisvariationinvelocityproducesa negligibleeffecton
thewet-bulbtemperatures.As wouldbe expected,astheairtemperature
increasestherateofvaporizationincreases,therebydecreasingthe
lengthoftimerequiredto vaporizea givenpercentageofthemassofthe
drop.Thisreductioninvaporizationtimewasalsoacccnupaniedby a
reductioninthetimedurationoftheunsteadystatesothattheratio
ofthedurationoftheunsteadystatetothetotalvaporizationthe
remainedapproximatelyconstant.

Itcanalsobe seeninfigure13thattherelationshipbetweenthe
wet-bulbtemperatureandairtemperatureisnotlinearandthatthewet-
bulbtemperatureincreasesmoreslowlyatthehigherairtemperature.
Thefuelusedalsop~s an importantpsrtinthevaporizationprocess.,
To illustratethis,figureslk(a)andlk(b)showa vsrietyoffuelsat
botha lowanda highairtemperature,respectively.Thefuelswere
initiallyattheirroomwet-bul.b(andthereforeslightlydifferent)tem-
peratures.Itwillbenotedthatatlowairtemperaturesthereisa
ratioofabout3 to 1 forthevaporizationtimesofn-decaneandn-hexane,
whileatthehighairtemperaturesthisratioisreducedto approximately
1.5to 1. Thisindicatesthatatthehighairtemperaturesencountered
duringcombustionthetotalvaporizationtimesofdropsofdifferentfuels
willnotbe somarkedlydifferentas at lowtemperatures.Thisisdueto
thefactthatthecurvesofvaporpress~eatthewet-bulbtemperatures
againstairtemperaturesmustallconvergetothevalueofthetotalpres-
sureforthedifferentfuelsathighairtemperaturesas showninfigure15

— .- —___ _— -.._—
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or,puttingitanotherway,at extremelyhighairtemperaturesthewet-
bulbtempe=tureapproachestheboilingtemperature.Thesestatements
shouldnotbe construedtomeanthatfuelvolatilityisunimportantbut
merelythatitismoreimportantat lowthanat.highairtemperatures.

Verylittleworkwasdoneontheeffectofdropsizeonvaporization.
However,figures16(a)and16(b)showtheresultsobtainedforn-hexane
andn-decane,respectively,whendifferent-sizeddropswereused.These
runswereallmadeat oneairconditionandthereforedifferencesinthe
resultsshownshouldbe entirelydueto sizedifferences.

BinaryMixtures

As a matterofinterest,temperaturehistoriesofa fewbinarymix-
turesofhydrocarbonswereobtainedexperimentally.

Experimentaltemperaturehistoriesofmixturesofn-octaneand
n-heptaneandofn-octaneandcetanewithcompositionsbyvolumeof25,
50,and~ percentwereobtained.Noneofthesemixtureseve or.would
be expectedto giveconstantwet-bulbtemperaturessuchasthoseobtained
withdropsofpurehydrocarbons.

Then-heptane– n-octanesystem(fig.17(a))gavesteadilyrisingwet-
bulbtemperatures.Theslopeofthe“steady-state”he becsmegreateras
theoriginalpercentageoftheheatier,lessvolatilecanponent(n-octane)
inthemixtuxewasincreased.

Then-octane– cetanesystem(fig.17(b))showeda differentcharac-
teristic.Thesedropstendedto reacha “pseudo”steadystate;thatis,
thetemperature-timecurveshoweda tendencytoleveloffaftertheinitial
rise.Thistendencyismorepronouncedthegreaterthepercentageofthe
morevolatilecomponent(n-octane)..Thisproducesan S-shapedwet-bulb
regionrisingfinallyandlevelingoffatthewet-bulbtemperatureofpure
cetane.Thistemperature,undertheconditionsoftheexperiment,was
closetothetemperatureof”theair. Figure17alsoshowsexperimental
temperature-timehistoriesofdropsofpuren-heptane,n-octane,andcetane
forcomparisonpurposes.

BurningDrops .

Againasa matterof interest,temperaturehistorieswereobtained
fordropssuddenlyexposedto airat suchhightemperaturesthatcombus-
tionoccurred.Theresultingcurvesfordifferentfuelsareshownin
figure18.
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Thecurvesoffigure18wereobtainedinthefollowingmanner.
Productsofcombutiionfromanacetylene-airtorchwerepassedthrough
a l’j-inchsectionofa 2-inchpipe. Excessairwasdrawninthepipeby
convectionandventurieffects.Thedropwashungabout1 inchabovethe
topofthispipeandcouldbe swungoverthehotgaseswhendesired.A
Chromel-Alumelthermocouplewasused. Itwasfoundexperimentallythat
thedropswouldnotburnuntilthetemperatureofthemixtureofthe
productsofcombustionandairreachedabout1,400°F.

Itwasalsonoticedduringtheexperimentsthattheburningdrops
ofdifferentfuelsvariedmarkedlyintheirtendencyto dropoffthe
thermocouple.Ingeneral,thehigherthemolecularweightthegreater
thetendencyto dropoffthethermocouple.Thismay”merelyreflectthe
factthatthewet-bulbtemperatureswerehigherforthehighermolecular
weightfuels.Itwasalsonoticedthatoccasionallyspotsonthesurface
seemedtoboilwhichIndicatesthattheheattransferby radiationor
conductionthroughthewireswasnotnegligible,sinceaccordingtothe
theorypresentedinreference1 whenthedropisreceivingheatfromthe .
aironlythewet-bulbtemperatureshouldapproachbutnotreachtheboiling
temperature.

Fortheseexperimentsthethermocoupleandrecorderwerenotcali-
bratedanditwasimpossibleto determinewithprecisionifthedrops
reachedexactlytheboi~ temperatures.Therecordedthermocouple
temperature,however,wasveryclosetotheboilingtempendmreandthe
wet-bulbvalueswerearbitrarilyshown
peraturesofthefuels.Theamountof
thethermocouplewireandby radiatIon
evaluated.

Sincethelifetimeo~btheburning

infigure18astheboilingtem-
heattransferby conductiondown
tothethermocouplewerenot

dropwasshortthespeedofresponse
oftherecorderis ofinterest.Thedashedlineintheupperleft-hand
regionofthefigureshowstheresponseoftherecorderto a stepvoltage.

DISC!USSICN

Thepurposeofthepresentinvestigationwas(1)to establishthe
Importanceoftheunsteady-stateportionofthevaporizationtimeoffuel
dropsinhotairexperhentallyand(2)to determinewhethertemperature
andmasshistoriesoftheseVaporizingdropscouldbe acctiatelypredicted
fromthetheory.

Theimportanceoftheunsteadystateasa majorportionofthetime
elapsedbeforeignitionoccursincontinuous-flowccmibustionchambershas
beens~ested theoretically(ref.1). Theexistenceandimportsmceof
theunsteadystatehasalsobeenshowninalltheexperimentalhistories
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presentedinthisreport.Thustheauthorsacceptitasa factthatthe
unsteadystateshouldnotbe neglectedinanydetailedcalculations.The
magnitudeoftheerrorinvolvedinneglectingitwillbe discussedlater.

CirculationinDrops

Inattemptingto correlatecalculatedandexperimentalresults,an
investi@ionofthevariousassumptionsandcorrelationsusedinthe
theoryseemednecessary.Thefirstassumptiontobe checkedwasthatof
infinitethermalconductivityoftheliquidsince,inallofthecalcula-
tionsperformedinthisproject,thisvaluewasassumedtobe infinite.
Thedropwasthusassumedtobe ata uniformtemperatureatalltimes.
Ifthiswerenottrueexperhentally,thatis,ifthedrophadfinite
liquidconductivities,thethermocouplewhosejunctionis,ontheaverage,
embeddedat somepointbetweenthecenterandthesurfaceofthedrop
mightreada temperaturelowerthanthatexistingatthesurfaceofthe
drop. Thetemperaturereadfromthethermocouplewouldalsobe lower
thanthetemperaturecalculatedwiththeassumptionof inf~te thermal
conductivity.

Thevalidityoftheassumptionof infinitethermalconductivitywas
esttited(ref.1)bytheuseoftheGurnie-Luriechartsandthepossi-
bilityoftemperaturegradientswasindicated.Itwaspointedout,how-
ever,thattheGurnie-lkriechartsarebasedonassumptionsnotapplicable
to a vaporizingliquiddropandthattheresultofthisanalysisshouldbe
regardedasrelativeonly.

SincetherewassomequestionabouttheapplicabilityoftheGurnle-
Luriecharts,theoreticalcalculationsforthecaseofa dropofn-octane
usingfinitevaluesofthermalconductivitywereundertaken(seeappen-
dixA). Theresultsofthecalculationsshowthetemperaturehistories
offoursegments(seefig.19)withinthedrop. Infigure20thesetem-
peraturesarecomparedwiththetemperatureas calculatedwiththeassump-
tionof infinitethermalconductivity.Figure20wouldpredicta large
differencebetweentheoryandexperhentiftheassumptionof.infinite
thermalconductivityy wereincorrect,sinceintheexperimentsthethermo-
couplejunctionnormallyliessomewherebetweensegmentsIIandIIIofthe
drop. Inthecaseforwhichthecomputationswereperformedthethermo-
couplewouldthusreadtempemturesasmuchas30°to 40°lowerthanthose
predictedby usinginfinitethermalconductivities.

Sincebothoftheaboveestimationsindicatedthepresenceofa tem-
.

peraturegradientinthedrop,theexperimentswhichweredescribedearlier
wereconductedto investigatetheexistenceofa temperaturegradientwithin
thedrop.Thedataoffigure5 showthatnodetectabletemperaturegra-
dientsexistina dropvaporizinginairundertheconditionsofthe
expertient.
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Internalcirculationinthevaporizingfueldropswasobservedand
photographedasexplainedpreviously(figs.6 to 8). Themotionpictures
inthefilmsupplementshowthefollowingfacts:

(1)n-Octanedropsshowveryslowinternalcirculationinstillroom
airat 70°F. Thedirectionofmotionofthefluidinthiscaseisdown-
wardsnearthesurfaceandupwardsnearthecenterina doughnti-shaped
patternas showninfig.8(a).

(2)Cetanedropsshowevenslowerfluidmotionintiillroamair.
Thedirectionofmotioninthiscase,however,isessentiallyrandom.

(3)AJJ-thedrOPSstudied~h~d a rapidinte- circulationwhen
subjectedto anairstream.Thedirectionofthemotionwasreversedand
wasupwardsnearthesurfaceanddownwardsnearthecenter(fig.8(b)).
Thedirectionoftheairstreamwasupwards.

Threerepresentativeframestakenwiththeslow-speedcameraare
reproducedinfigure6. Figure6(a)showsthealuminum-oxideparticles
ina dropof‘n-octanehangingin stillroomair. Thisframewastaken
witha cameraspeedof64framespersecond.Figure6(b)showsa drop
undersimilarairconditionsbuttakenwitha cameraspeedof16frames
persecond.Thestreakeffectduetoparticlemotionat longerexposure
timesismadeevidentby comparingfigures6(a)and6(b).Figure6(c)
showsa cetanedrophangingina streamofairat ~00 I’andvelocityof
6 feetpersecond.Thispicturewastakenwitha cameraspeedof~ frames
persecond.Themotionofthealuminum-oxideparticleswassomuchfaster
thattheycouldnotbe stoppedbyusingthiscameraspeed,butthelobe
orpathoftheparticlesisclearfrcnnthispicture.

Thehigh-speedpicturespermittedanapproximateevaluationofthe
speedoftheparticlesinsidea 2,000-micron-diametercetanedrop.Mad-
mumvelocitiesof2 inchespersecondwereobservedwhentheairvelocity
was6 feetpersecond.Particleswerefoundto completea cyclein
appro~tely 1/8second.

Itwasconcludedfromthisphotographicstudythat,underconditions
similartothoseusedintheexperimetis,internalcirculationetistsin
vaporizingdropsina magnitudethatcausessufficientmixingofthefluid
to eliminatetemperaturegradientsduringtheheating-upperiod.Thisis
inagreementwiththeresultsofthethree-thermocoupleexperiment(fig.5).
Thiscirculationispresumablycausedbythesldndragofthestreamofah
passingbythedrops.Thecirculationincreaseswithairspeed,andthe
directionofmotionofthedustparticlesnearthesurfaceofthedrops
isthesameasthatoftheair. In stilJ.roomairthedirectionofmotion
oftheseparticlesinann-octanedropisreversedindirectionfromthat
whichoccurswhenthedropisinanupwardairstream;thatis,it is
downwardsnearthesurface.Thisapparentlyis causedby evaporationof

.. . ————...—____ . ———. - —-.-——.
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theheavier-than-airn-octanevaporwhich,combinedwiththecoolingeffect,
wouldcausea downwardaircurrentcausingdraginthatdirection.Ina
cetanehop, themotionwasslowandrandcnnbecausecetanehasanextremely
lowvaporpressureandhighliquidviscosityatthetemperatureoftheroom
air(800F). Theslowandrandommtiioninsidethecetanedropwaspossibly
causedby randomaircurrents.Thiscirculationexplainstheapparentinfi-
nite thermalconductivityobservedexperimentallywhenusingthreethermo-
couplesin onedrop.

Thereisan interestingcorrelationbetweeninternalcirculationand
theresultsoftheexperimentsusingbinarymixlxxres.Itwasfoundthat
then-octane– n-heptanedropshoweda steadilyrisingwet-bulbtemperature
(fig.17(a)). SinceHquid diffusionisrelativelyslowitisthoughtthat
iftherewerenointernalmixingdueto circulatioria constantratioofthe
components(equaltotheratioofeachcomponentintheoriginalmixture)
wouldalwaysevaponatefromthesurfaceofthedrop.Therefore,ifthere
wereno circulationa constantwet-bulbtemperaturehavinga valuefalling
somewherebetweenthewet-bulbtemperatureofthepurecompoundsatthe
sameairtemperatureandpressureshouldresult.However,sincecircula-
tionandmixingtakeplace,themorevolatilecomponentwillbe ableto
diffuseoutthroughthefilmat a higherratethanthelessvolatilecom-
ponentwiththeexactrelativeratesbeingdependentuponthevolatility
andcliffusioncoefficientsofthetwocomponents.Consequently,thedrop
willcontinuouslyandsteadilychangecompositionandwiIlbecomemoreand
morerichinthelowervolatilityccmponent.Thusa risingwet-bulbtem-
peraturewillresultas is shownby theexperimentaldatapresentedin
figure17(a).

Ithasbeenpointedout(ref.3)thatforconsta~tconditionsthe
internalcirculationinsidea dropdecreaseswithdropsize.Ithasalso
beenpointedoutthatit isaffectedbytheexternalReynoldsnumberas
wellasbytheliquidandairviscosities.Sinceunderconditionsof
interestinjet-engineconibusionchaniberstheratiosofthedropvelocities
totheairvelocitiesareofgeatermagnitudesthanthoseusedinthe
experiment,circulationmaystillexistindropsizesof interestina
jetengine.Whileit isadmittedlyan opiniontheauthorsfeelthatthe
assumptionofinfinitethermalconductivitieswithintheliquiddropsis
a validassumptionforsmalldropsaswellasforlargedrops.

Thereisalsooneotherinterestingpossibleeffectofcirculation.
Ithasbeensuggested(ref.6)thatcircuktioninthedropmaycausea
changeinthefilmthicknessandthusaffecttheheatandmasstransfer.
Theauthorshavedonenoworkthatwouldeitherproveordisprovethis
suggestion.

.’

—
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ComparisonofExperimetialandCalculatedCurves

3Y
NACATN 3490

As previouslymentioned,onepurposeoftheinvestigationwasto
determineiftemperatureandmasshistoriesofdropscouldbe accurately
predictedfromtheo~. Il&vingestablishedthattheheattransferdown
thethermocouplewassmallandthattheeffectivethermalconductivity
oftheliquidwashigh,a comparisonbetweenexperimentalandcalculated
resultscouldbemsiie.

Inmakingthiscomparisonit shouldbe rememberedthatthetheory
forvaporizingdropshasnotbeenwellWrked out. Infact,theentire
fieldof simultaneousheatandmasstransferhasnotbeenwellstudied
froma theoreticalstandpoint.AppendixB presents.anattemptto start
fromfundamentalconsiderationsandto establishandspecifyclearlyany
shpli~ assumptionsmadeinobtainingusableequations.Thenew
theoryisnotcomplete,butitdoespresentresultsofthetheoretical
workdoneto date. Sincethetheoryis ina stateofflux,itwiIlbe
notedthatthenewtheorypresentedinappendixB isnotincomplete
agreementwiththatusedforthecalculationsinthisreport.It iS
hopedthatfurtherworkwillclearlyestablishthefundamentalconsidera-
tionsandformofeqwtionsinvolved.

Figure21presetiscurvesofwet-bulbtemperatureversusairtem-
perature.Thecalculatedcurvewasobtainedby usingtheprocedureas
outlinedinreference1 andtheformof correlationspecifiedinappen-
dixB. It is seeninfigure21that,iftheproperchoiceofthedif-
fusioncoefficientismade,theagreementbetweencalculatedandexperi-
mentaltemperaturehistoriesiswithintheexperimentalerror.

Figure22(a)presentsdatashowinga comparisonofexperimentalrates
ofmasstransferandcalculatedratesofmasstransfer.Thesemass-transfer
rateswereevaluatedat comespondingpointsduringthesteady-stateportion
ofthetemperaturehistory.Againtheagreementiswithintheexperimental
error.

Figure22(b)presentsanothercomparisonofexperimerrtalandcalcu-
latedmass-transferrates.Forthiscomparisonthecalculatedmass-
transferratesweredeterminedfromtheexperimentaltemperaturehistories
ratherthanfromthecalculatedtemperaturehistories.Thereisan indi-
cationinfigure22(b)thatthemass-transferequationsdonothavethe
correcttemperaturedependency.However,thedifferencebetweenthecal-
culatedandexperimentaltemperaturehistoriesishardlymorethanthe
experimentalerrorandprobablyno conclusionshouldbe drawnuntildhta
areobtainedathigherairtemperatures.Thesedataemphasizethefact
thata-smalldifferenceinthetemperaturehistoriesmakesa fairlylarge
differenceinthemasshistories. .

Figure23presentsa comparisonofcalculatedandexperimentaltem-
perature,mass,andradiushistories.Thecomparisonsar~madeatthe

. . . . . ..—— -———.. —— --—
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twoextremesofairtemperaturesusedandforthetwoextremesoffuels
usedwithrespecttovolatility.Againtheagreementisnotperfectbut
isreasonablygood.

It shouldbepointedoutthattheexperimentalandcalculatedcurves
presentedinthisreportarefora constantdropletvelocityrelativeto
thealrthroughouttheirlifetime.Thishasbeennecessitatedbythedif- “
ficultyinadjustingtherateofairflowpastthedropsexperimentally
to confomnto exactvelocitiesexistingina combustionchmiber.Thecon-
clusionsarrivedat inthisrepo~astotheeffectofdifferentparameters
ontherelationofcalculatedandexperimentalhistoriesare,however,
valid. Theeffectofa changeintherelativevelocityofdropandair
dueto aerodynamicdraghasbeeninvestigatedtheoretictiyinreference1.

EPfectofIkU?ferentFactorsonCalculatedResults

As hasbeenexplainedintheprevioussection,whiletheagreement
isnotperfectbetweenexperimefiandtheory,theagreementisprobably
withintheMmitsoferrorofthetheoryandexperiment.As isalso
explainedinappendixB someofthefactorsusedinthetheoryarenot
firmlyestablished,butitwasfeltofinterestto seetheeffectsof
omittingorincludingcertainfactors.

TheRanzandMarshallheat-andmass-transfercorrelations(see “
appendixB) wereusedforthepresentcalculationsaswellasthoseof
reference1. Thetheorydevelopedinreference1 s~ests thatcorrec-
tionfactorsshouldbe usedwhenthemasstransferishigh.Although
thenewtheorypresentedinappendixB suggeststhatthecorrectionfac-
torsusedareincomplete,theywereusedinthepresentcomputationsand
itisof interestto seetheeffectoftheiromission.

The Z factor(ref.1)represetisthatfractionofthetotalheat
transferfromtheairthatfinallyarrivesatthesurfac”eoftheliquid
drop. Thebalanceoftheheatiscarriedbackwiththediffusingvapor
inthefomqof superheat.Inthemass-transferequation,u represents
a correctionfactorthatcorrectsan equimoldratetounidirectional
conditions(ref.1).

Theeffectoftheinclusionofeachandbothofthesefactorson
thetemperatureandmasshistoriesofvaporizingdropsisillustratedin
figure24. Thisfigurepresentsthehistoriesoftemperature,=ss, and
percentoftotalmasstransferredfora dropofn-octaneforthefollowing
cases:

(1]

(2)

.

Experimentallydetermined

Calc-tedwithboththe u and Z factorsincludedinthe

.

equations

— ——
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(3)Calculatedwithboththe a and Z factorsomittedfromthe
equations

(4)Calculatedwith Z aloneomitte~fromtheheat-transferequation

(5)Calc@ted~th u done rottedfromthemass-transferequation

Itcanbe seenfromtheseplotsthattheomissionofboththe u
and Z factorsfromtheequationsyieldedwet-bulbtemperaturesandmass-
transferratesthatwerehigherthanthoseexperimentallydetermined.The
omissionofthe Z factoraloneyieldedlowerwet-bulbtemperaturesthan
thoseobtainedwithboth a and Z omittedbutstillhigherthanthose
experimentallydetermined,plusa highmass-transferrate.Theomission
of u aloneyieldstemperatureandmasshistoriesthatarecloserto
thoseexpertientallydeterminedthantheprevioustwocasesbutnotmate-
riallybetterthanthosecalculatedwithboth a and Z includedin-the
equations.Itistheopinionoftheauthorsthatatleastuntil.morework
isdoneboththe Z and a factorsshouldbe includedatallltimes.

Thephysicalpropertiesoftheairandhydrocarbonsunderquestion
aregiveninvarioussourcesintheliterature(refs.7 to 12). Itwas
beyondthescopeofthepresentstudies’todeterminewhichofthesources
gavedatathatfitthehydrocarbonsundertestmoreclosely.Reference13
liststhedifferentsourcesofthephysicalpropertiesthatwereusedin
thecomputationstogetherwiththeequationsthatwerefittotheseprop-
ertiesto allowtheirautmaticcomputationat differenttemperaturesby
theIBMmachines.

ThenewtheoryofappendixB suggeststhatthevaluesofthethermal
conductivityanddiffusioncoefficientshouldbe determinedatthetemper-
atureoftheliquid.Thetialuesusedinthecalculationsofreference1
andinthisreportwereaveragevaluesforthefilm.

Figure25presentscomputedresultswhenthephysicalconstantswere
evaluatedattwodifferenttemperatures— onethearithmeticmeantempera-
tureofthefilmandtheotherthetemperatureoftheair. It canbe seen
thatthechoiceofthetemperatureatwhichthepropertiesareevaluated
doesnothavea markedinfluenceonthecomputedcurves.

Themethodemployedto determinethediffusioncoefficientdoes
affecttheresultsverymarkedly,however.Figure26 showstheeffect
onthecalculatedcurvesofusingdifferenttechniquesfordetermining
thediffusioncoefficient.Inthesecalculationsthediffusioncoeffi-
cientwasdeterminedbythe’threetechniquesdescribedby Hirschfelder,
Curtiss,andBird(ref.H). Inthesethreedifferenttechniquesthe
intermolecularforceconstantsofthefuelsweredeterminedinthreedif-
ferentways:

-- —- — ..-——— ._..__ ____ --.— ——___— ——
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(1)From

(2)From

(3)FrQm

criticalconstantsofthefuel

experimentallydeterminedsecond-virialcoefficients

experimentalvaluesoftheviscosity

A largevariationbetweenresultsis observed.IfGilliland’sequation
(ref.14)wereusedevenmoreofa variationwouldbe found.Since
GiIliland’sequationgivesa smallerdiffusioncoefficientathightem-
peraturesandhencea slowervaporizationratethanthediffusioncoef-
ficientsof Hirschfelder,Cwtiss,andBirditwasnotused.

Becaus&ofthisratherlm?gevariationInthevalueofthediffusion
coefficient(andthusinthecalculatedvaporizationrate)itwasdecided
to usea singletechniqueforcalculatingdiffusioncoefficients.Since
figure26 indicatesthatthediffusioncoefficientsfromviscositydata
areprobablytoosmallandsinceexperimentalinformationwasnotavail-
ableforeithedthesecond~virialcoefficientorfortheviscosityfor
allhydrocarbons,itwasdecidedthatthediffusioncoefficientswould
be evaluatedfromthecriticalconstants.It shouldbe noted,however,
thatthediffusioncoefficientsdeterminedfromcriticaldataarecon-
sideredby Hirschfelder,Curtiss,andBirdtobe lessreliablethanthose
obtainedby othertechni~es.By usingthehighestcomputedvaluefor
thediffusioncoefficient,theuseofthecorrelationsofRanzandMarshall
inthecomputationsproducedcurvesthatagreedreasonablywellwiththe
experimentalcurve.

Bothinthecalculationsofreference1 andinthematerialpresented
inthisreportthermaldiffusionhasbeenneglected.Itwasneglected
becauseofthecomplexityintroducedby itsuseandbecauseofthefeeling
thatitscontributionwassmall.Sinceasthetemperaturedifference
betweenthedropandtheairincreasestheeffectofthermaldiffusion
maynotbe negligible,an estimationwasmadeofitseffect.At a temper-
atureof1,0~0R itwasesthatedthatthethemaldiffusionreducedthe
vaporizationrateby 8 percent.Thuswhiletheeffectofthermaldiffusion
hasnotbeenlargeinthepresentreportitprobablyshouldbe includedin
anyadditionalworkdoneathighertemperatures.

FactorsAffectingLifetimeofa Drop

Itwasconsideredofinterestto attemptto estimatetherelative
magnitudeofthefactorsaffectingthelifetimeofa drop.However,In
makingthisestimationittillbe necessarytomakenumeroussimplifica-
tionsandtheestimationtillthereforeofnecessitybe oflimitedvalue.

4
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The

(1)

(2)

(3)

threeprimaryfactorsaffectingthelifetimeofa dropare:

Theconditionoftheambientair,thatis,velocity,pressure,
andtemperature

Thefuelusedanditsproperties,thatis,vaporpressure,dif-
fusioncoefficient,thermalconductivity,andsoforth

Theinitialconditionofthedrop,
andSOforth

Thesefactorsarealltiedtogetherby
equations

thatis,temperatti,size,

theheat-andmass-transfer

Inordertomakean est-tion oftherelativeeffectsofthevari-
ablesthefollowingassumptionswillbemade:

(1)ThedropisinthesteadystateforitsentirelLfetime.The
magnitudeoftheerrorinthisassumptionwillbe discussed
Later.

(2)Theconditionsoftheairsurroundingthedropareconstant;this
includesthepressure,temperature,andvelocityoftheair.

As hasbeendiscussedinappendixB,thetheoryfora vaporizingdrop
hasnotbeencompletelyworkedout. However,thedatapreviouslypresented
inthisreportshowreasonablygoodagreementbetweenthetheorypresented
inreference1 andtheexperiment.Thusthistheorywtllbe usedforthe
presentesthmtion.Theequationsforthelifetimeofa drophavebeen
derivedinappendixC forthetwolimitingcasesofzeroairvelocityand
largeReynoldsnumberandforthegeneralcase.

Theequationforthelifetimeofa dropat zeroairvelocity,that
is,a dropevaporatinginstillair,showsthatthelifetimeispropor-
tionaltothesquareoftheinitialradius,totheliquiddensity,andto
itslatentheatofvaporizationandinverselyproportionaltothethermal.
conductivityofthesmbientatmosphereanditswet-bulbdepression.
Statingitanotherway,thelifetimeofthedropisproportionaltothe
squareofitsinitialradius,itsdensity,andtheratioofthelatent
heatofvaporizationtotheheattransfertothedrop.

WhentheReynoldsnumberishigh,thelifetimeofthedropiS
directlyproportionalto itslatentheatofvaporization,itsdensity,
anditsinitialradiustothe1.5power.It isalsoinverselypropor-
tionaltothedifferencebetweenthewet-anddry-bulbtemperature.In
thisconnectionitwillbenotedthatthewet-bulbtemperaturecanbe
estimatedfromequation(26)ofreference1. Itwi~ alsobe notedthat
Ingebo(ref.15)obtainedrelationshipssimilartoequations(C1O)
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and(C13)(appendixC). However,becauseofhisuseofa slightlydif-
ferentcorrectionhefoundthat et variedasthe1.4powerofthe
radiusathighReynoldsnunibers.

Equation”(C14)(appendixC) showsthelifetimeof
wherethevelocityisneitherzeronorektremelyhigh.
therelationshipdoesnotreduceto a simpleformsuch
thetwolimitingcases.

a dropinthecase
Unfortunately,
astheformsfor

Whileequations(C1O),(C13),and(C14)providesomeinsightinto
thefactorsaffectingthelifetimeofa drop,therelationshipsarestill
perhapsnotreadilyvisualized.Figure27presentsexperimentaldataon
thelifetheofdropsandmayhelpto showgeneraltrends.It shouldbe
notedthatthetimeplottedisthetimefor80-percentvaporizationrather
thanforcompletevaporization.

Figure27(a)presentsdataonthethe requiredfor80-percentvapor-
izationasa functionofthefuelusedwithlinesofconstanttemperature.
At lowtemperaturesthedependenceofthelifetimeofthedroponfuelis
rathermarked,whileathighertemperaturesthedependenceislessmarked.
AU thefuelsshowninfigure27(a)arenormalparaffinsexceptforiso-
octane.

Figure27(b)presentsthetimefor8&percetivaporizationasaXunc-
tionofairtemperatureandissimplyacrossplotoffigure27(a).As a
matterof interestthedataonburningdropswereincludedintheplot.
Thevalueshownfortheairtempentureisundoubtedlyincorrectsince
thedropswereburningandthedropsizemaynothavebeenthesame,but
thedatawereincludedto showthetrend.Again,thedatashwthat the
effectoffuelonthelifetimeofa dropisoflesserimportanceatthe
highertemperatures.

Itwillalsobe notedthatwhiledropsizehasa majoreffectonthe
lifetimeofa dropitisprobablybecausetheradiuscanbe variedover
suchwideranges.Forexsmple,thedropradiuscanbevariedovera 100
to 1 range.Itwouldbe ratherdifficult,ifnothpossible,to change
theothervariablesoversucha widerange.

Figure28presentsdatathatwerecalculatedinanattemptto show
theeffectofneglectingthetimespentintheunsteadystate.Thecurve
for“infinitethermalconductivity”wascalculatedintheusualmanneras
outlinedinthisreportandrepresentsa goodapproximationtotheactual
historyofthedrop.Thecurvefor“nounsteadystate”wascomputedunder
theassumptionthatthedropwasmysteriouslybutinstantaneouslyraised
to itswet-bulbtemperature.Thethirdcurvefor“zerothermalconduc-
tivity”wascalculatedundertheassumptionthatthethemalconductivity
oftheliquidwaszeroandthefuelcameoffinlayers.

—-
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As canbe seeninfigure28, theassumptionthatthethermalcon-
ductivityoftheliquidiszeroresultsina rateofmasstransferthat
isinitiallytoohighbuteventuallybeccnneslessthanthatoftheactual
case. Ontheotherhand,theassumptionofnounsteadystategivesvalues
ofmasstransferthataretoohighatalltimes.

Theerrorintimevariesasthepercentmasstransferredisvaried.
Forexample,iftheitemofinterestisthetimerequiredtovaporize
20percentofthemass,theerrorcanbe 100percentormore. Onthe
otherhand,iftheitemof interestisthetk reqtiedto vaporize
80percentofthemass,theerrormaybe moreoftheorderof20percent.

UniversityofWisconsin,
Madison,Wis.,May2,lm.
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with
make

APPENDIXA

THEORETICALCAICUIATICE?FORUNSIWiDYSTATEWITHFINITE

LIQUIDTHERMALCONDUCTIVl?TY

Vaporizationhistoriesduringtheunsteadystatearepresentedhere
theassumptionoffinitethermalconductivitieswithinthedrop.To
thesecalculationsfeasible,thedropwasdividedintothreeshells

ofequalinitialthiclmessplusa sphericalcoreoftwicethatthickness
(fig.19). Thustheradiusofthedropwasdividedintofourinitially
equalse~entshavinga thiclmessx.

Thefollowingassumptions.weremade:

(1)Eachofthese~nts hada uniformtemperatureatanyinstant
equaltothemeantemperatureat itscenterline ~1, ~ andso

forthcorrespondingto segments1,2,andsoforth.Thesewerealso
time-averagetemperaturesforanytimeincrementinthestepwiseproce-
dureused.

(2)Thedropsurfacetemperaturewasassumedtobe thatoftheouter
shellTml.

(3)Theinnersegmentsremainedatthesamethicknessx. Theouter
segnerit-hada varying-thickmess~

(b)liquiddiffusingto itfromthe
expansion.

(4)Theliquidspecificheats

liquiddensitiesP ,~ ~,anaso

.2,andsoforthwerederivedatany

‘%’
andsofofihofthesegments.

(5)Thethemalconductivities

becauseof (a)vaporizationand

innersegnentsbecauseofthermal

Cpm’ cp~) andsoforthandthe

forth,correspondingto segments1,

instantatmeantemperaturesTml,

ofthesegmentswerecomputedatthe
borderlinesbetweensegments1 and2,2 and3,andsoforthittempera-
turesequaltotheaveragevaluebetween~1 and ~, T% and Tm3,

andsoforth,thusgivingconductivities~, K23,andsoforth.

Thecalculationswereperformedby specifyingan incremerrtin sur-
facetemperatureor specifyingTml andthenassumingthetempera-

tures Tm2, Tm3,and T~. Thethe incrementAe forthattemperature

—— .- ——. —
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incrementtogetherwiththeradiusr. andthevelocityV2 attheend
oftheincrementwerealsoassumed.Thevalueof sensibleheatarising”at
thesurfaceofthedropwasthencalculatedintheusualmannerdescribed
inreference1 by evaluatingthefuelvaporpressureatthesurfacetem-
perature~l. Thefollowingequationswerethenusedtocalculatethe

temperatureincrementofeachsegmentATl, AT2,andsoforthforthe
..

assumedthe incrementAe.

Forthefirstse~nt:

% - “QdAe

% = %cpLl

Ku
%( - Tfl-T

)@*xl+x
4X(3x)2

( )= AO

[
43—fir-
30 1(3X)3PLfp~

Forthesecondse~nt:

‘3 4X(2X)2Qol- (Tfi-Tm3)~
=

[

AO
4~fl(3x)3- (2/]‘L2cpL2

Forthethirdsegment:

%2 - Q03Ae
‘3 = %ICPL3

(Al)

(A2)

(A3)

—.. .—..-— ___ .._ ...>_ —
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Forthefourthsegm=t:.

, .-

%3-M
= ~ lrx3p%cpM
3
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(A4)

IntheseequationsQol, 902>and %3 arethesensibleheats
goingoutof segments1,2,and3 andcrossingthebordersintoseg-
ments2,3,and4, respectively.Thecalculatedvaluesof ATl, LW2,
andsofortharethenaddedtotheinitialtemperaturesofthecorre-
spondingsegmentsfortheparticulartimeincrementunderinvestigation
andthevaluethuscomputediscomparedwiththeassumedvalueof Tdj
Tti,andSO forth.Severalunsuccessfulattemptswereusuallymadein
thistrialanderrorprocedurebeforecalculatedvaluesthatagreedwith
theassumedvalueswerediscovered.

.
.,

.—



NACATN 3490 27

APPENDIXB

As hasbeen
beenusedinthe
tionofRanzand
withexperiment.

THEORYOFSImuwANEousMAss

ANDBEATTRANSFER

previouslynoted,thetheory

TRANSFER

usedinreference1 has
presentreport.Thetheorytogetherwiththecorrela-
Marshall(ref.12)havegivenreasonablygood~eement
At thesametime,therearecertainambiguitiesand

inconsistenciesinthecorrelationsandtheoriesandas a resultsome
workhasbeendoneinanattemptto developmorefullythetheoryof
shnultaneousmasstransferandheattransfer.

Forthesakeof completenessthetheorydevelopedinreference1 is
summarizedina slightlymodifiedforminthisappendixtogetherwith
additionalbutinc-ompleteworkdoneonthetheory.

MassTransfer

Sulmllaryoftheorypresentedinreference1.-Forthecaseofa -
vaporizirlgliquiddropletwhereessentiallyunidirectionaldiffusion
existsthefoldowingdiffusionequationisgiven

dpf
—= -—
dr %% ‘fpa

Fora spherical
varythroughout

dropthemolalrateofdiffusion
thefilmandthereforecannotbe

inreference16:

(Bl)

perunitarea rf must
treatedasa constant

as isdonefortwo-dimensionaldiffusion.By definingthe
diffusionperunitareaattheliqtidsurfaceas rf one

o
sphericallysymmetricaldiffusion

r.2
rf = rfo~

mold rateof
obtainsfor

(B2)

Combiningthesetwoequationsandcarryingoutmathematicalstepsand
substitutionsas indidatedinreference1,oneobtains:

‘#o ~+1w= (/)( )’aR Mf TmBo ~ fL (B3)

-. . . —-.. —.. . .-——. —— _. —z .— _ _ ..-— ~. —_.—._— . .



.—-.. .

28 NACATN 3490

Ona semiempiricalbasisthedlffusion,rateiscustomarilygivenas
(ref.16)

.

>.

(B4)

where ~ isthecoefficientofmasstransferwhichmnbedetermined
fromthefo~owingequationgivenby RanzandMarshallfora liquiddrop
(ref.12):

%‘g= () %’
Z&OR/MfTm

By combiningtheabovethreeequations:

11 I-NNU’—+—=——
B. r. r. 2

(B5)

(B6)

Witheverythingconstantbutthevelocityoftheair,

HerethefilmthicknessB. formasstransferisinverselyproportional
tothesquarerootoftherelativevelocityofthedropletandair. While
thisfilmconceptis,ofcourse,usedas ananalysisandvisualizationaid
ratherthanasan e=ct representationofthefacts,itisinterestingto
notethat B. becomeslargeinstillairandrapidlydecreasesto values
oftheorderofthedropletradiusandlessas soonasa relativemotion
ofairto droptakesplace.

.
Analysisusing“transport”theory.-Ifthemasstransferisanal>ed

accordingto “transportphencmena”basedonthekinetictheoryofdilute
gasesandthermodynamicsof irreversibleprocessesasdescribedinrefer-
ence11,thetransportofmassisdependenton: (1)A gradientinthe
chemicalpotential,(2)a gadientinthetotalpressure,(3)a gradient
inthetemperatureofthegas,and(4)transportdueto externalforces.

Forthecaseofa vaporizingdropthetotalpressureisconstantand
thereareno externalforces.Thereisa gyadientinthetempemimrebut
itseffectwillbe smallandwillbe neglectedinthepresentdevelopment.
Thus,consideringody thetransportofmasspertit area dA dueto a
gradietiinthechemicalpotential,thefluxequationis
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Ji =nmdiivi

Fora two-componentsystemthefluxvector
averagevelocityis:

~2
ji=r mmDV

n12v

29

(B7)

withrespecttothemass

%
Y (B8)

Fora vaporizingdropthevectorof in6erestisthefluxvectorwith
respectto theliquidsurface.Attheliquidsurfacethevelocityofthe
airisequaltothesurfacevelocity..~o converttheaboveequationsto
correspondingtermswithrespectto component2 (theair)thefollowing
termsare

F1

‘dl

used:

massfluxvectorofcomponent1 with
component2

velocityofcomponent1 withrespect

respectto velocityof

tovelocityof componpmt2

Fl = nlmlvu= nlml(%l- %2)

Franmomentumconsiderations,

%hdvl + ‘2%dv2= 0

therefore “

nlml
‘V2=-dVln

2%

--- -.. - ——— — ..-—-— — -— -—-—— — — .—. ——.—— –—-——
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Then

(B9)

Forengineeringcalculationsit Isusuallymoreconvenientto uee
thefluxasdefinedby

F1
fl=~

or

‘1=
2mn

<n2

Foran idealgas

and

———
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min ‘T—.—

wherepi isthepartialpressureofcompon&t i;then

and,forconstanttotalpressure,

PTDv=— — VP1Pa m
(B1O)

Ifthereisnopressuregradientoftheliqtidvaportangentialtothe
liquidsurface,andifthedropisspherical,thisreducesto

e)
%% 1

fl=~~— (Bll)
r=ro

To obtainthetotalmassflowfromthedrop,integrationistakenover
theentiresurface,or:

Ifthetotalpressure,partialpressureofcomponent2, ~, R, and TL
areallconstantovertheentiresurface,

PT Dv b~
w.=—— J() dA’

P2’~L R ‘r=ro
(B12)

..—. —-.—————..—... .z.— — . —. — ——— .—
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It isconvenient“todefinea reducedpressure,reducedsrea,andreduced
radiusas:

.,

Pl+. ‘1 (B13)
‘fL- Pfb

4,

A*
I

=AAO

and

r*=_Z_
3?0

(B14)

therefore,

w= A ‘J
0 P2 Rl&o (pfL- ‘fb)J( )

?P~* U* (B15)
R &*

r.ro

whereitisunderstoodthatthereducedpressuregradientandallthe
othertermsaretobe

Sch.lichting(ref.17)

evaluatedatthel~quids~ace. The

formasstrausferis similartotheintegralof

obtainedforheattransfer.He calledittheNusselt
numberforheattransfer.Itwillbe defined
formasstransfer,or

hereas,theNusseltnumber

?PJ
N 1=
Nu

]( )R &* r=ro
dA* (B16)

Equation(B15)togetherwiththedefinition
thefundamentalequationformasstransfer.Its

oftheNusseltnumber
limitationsare:

is

(1)

(2)

(3)

Totalpressureisassumedconstant

Thermaldiffusionandexternalforcesareneglected

Thedropis sphericallysymmetricalinallrespects

In general,equation(B15)hasnotbeenusedexplicitlyto evaluate
masstra~fersincevaluesfor-theNusseltnumbercanbe obtainedonly
frmuexperimentaldata.Thus,by analogwithheattransfer,an empirical
equationoftheform

..— - —.. -—
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w= AKopfL - %) (B17)

iscustomarilyusedinpracticalcalculationswiththemass-transfer
coefficientbeingdefinedby theequationitself.Ithasalsobeen
recognizedthatthereisa differencebetweenequhol.alandunidirectional
diffusionsothatsomeauthorshavepreferredto write

w=

whereitis@lied that ~
mold diffusion. Here a is

K
8(
Oap

)fL - ‘fb (B18)“

isthemass-transfercoefficientforequi-
a correctionfactorthatisgreaterthap1

forunidirectionaldiffusionandisdeterminedby a proced~esimilar-to
thatotilinedpreviouslyinthissection.

By dhensionalanalysisas suggestedbyBu@c@ham (ref.18)the
dimensionlessgroup

(B19)

canbe developedwhen ‘g isdefinedas inequation(B17).Thisdimen-

sionlessgrouphasalsobeendefinedandsetequaltotheNusseltnuniber
formasstransfer.

Itcanbe seenby comparisonofequations(B15)and(B19)thatthe
Nusseltnumbersas definedby equations(B16)and (B19)will be equal
onlyinthecasewhere~/p2 isunity;thatis,theywillapproacheach
otherasthemasstransferapproacheszero.Mostoftheexperhental

* datainthe”literaturehavebeentakenwhere PT@2 isessetiiallytitY

andithasnotbeenclearnorhasitmadeanydifferencewhetherthis
Nusseltnumberhasbeendefinedby equation(B16)orequation(B19). The
authorscurrentlyfeelthatthebestprocedurefrm allstandpointsisto
definetheNusseltnumberas

andto defineKg underallconditionsbytheequation

w= ENK O pfL- ‘f%)

(B20)-

——. . .——. .— ———..._-. —A—. . ~ . ..
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Thechoiceisadmittedlyarbit~, butconfusionhadexistedand
doesexistandwillcontinueto edst untiluniversalagreementis
obtainedforthedefinitionoftheNusseltnumberandthemass-transfer
coefficient~.

Alsoof interestinthelightoftheabovetheoryisthesignificance
ofthe a termusedinthecalculationsforthisreport.Equations(B18)
and (B19)wereused. However,theNusseltnumbercorrelationswereobtained
underconditionsofextremelysmalJ-pressuredifferences.Thiscondition
willbe denotedbythesuperscripto forthepreviousderivationofthe
Nusseltnumberor

coniblningequations(B18), (B19), and(B21).Therefore,

Comparingthiswithequation(B18)andsolvingfor a:

(921)

(B22) “

~R\’ /rao
Theabovediscussionhasshowntherelationshipbetweenthefunda-

mentalequationforthetransferofmassandtheequationsusedinthis
report.Ifthisfundamezrbalequationiscomparedwiththecorrelations‘
ofRanzandMarshall,itwouldseemthatthetemnsIi#a/Pashould

reduceto RT.+Thetermswillnot,of course,reduceto RT unlessall
thesubscriptsarethesame.Ifthesubscriptsarenotthesame,some
confusionexistsasto themolecularweighttobe’usedinconve?%ing
molesto pounds.Intheworkdoneforthecorrelationthevalues~
and ~ wereusualJynearlyequal.Intheworkofreference1 and
reportthereoftenisa majordifference.

Intheworkofreference1, ‘f ‘s
However,comparisonwithexper~e~ssoon

usedfor ~ intheterm

showedthatsubstituting

this

qaipa” ●

M’ for

.—— ——
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gavemuchbetteragreement
beenusedforthisreport.

alsofollowsthat Dv shouldbe evaluatedatthetemperature

35

withexperimetiandconsequently

oftheliquidsurface.Theabovediscussiondoesnot,however,yield
anyclueastothetemperatureatwhichthedimensionlessparameters
suchastheReynoldsnumbercouldbe evaluated,sincethisentersintothe

aP* U*evaluationof
J( )

ForthisreportaX1.properties,including
R=

.
r=ro

Dv,wereevaluatedatthemeant~eratureofthefilm.Moreworkis
beingdoneinanattemptto determinemoreclearlytheoreticallyallthe

dimensionlesstermsthatenterintotheNusseltnmnber b’
J( )R = ~=o “

underallconditions.

.
HeatTransfer

summaryoftheorypresented inreference1.-Forsphericallysymmetric
heattransfertheequationgiveninreference1 forthetotalheat~ch
arrivesattheliqtidsurfaceintermsoftheheatconductedthrougha
thinlayerofthefilmat radiusr becomes:

(B24)

By makingthesaneassumptionsand
as indicatedinreference1:

performingthemathematicalsteps

z

wherethesubstitutionfor z isasfollows:

_%Bo‘f
z - 4flq ro(rOt‘o)

This z substitutionisidenticalto thatusedinreference1.

(B26)
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Performingan analysisshilartothatgiveninthesection“Mass
!lhvulsfer,“ thefollowingequationis obtainedforthefilmthickness
forheattrsmsfer:

11 1 NNU——
- q+q’ro 2

(B27)

C2
BO=T

It isinterestingto notethatequations(B6)and(B21’)indicate
thatat otherthanzerovelocity,wherean infinitefilmthicknessis
indicated,a differentfilmthicknessisindicatedformasstransferand
forheattransfer.Accordingtotheaboveequations,thetwofilmthick-
nessesareintheratioofthecuberootofSchmidtto Prandtlnumbers.
Thisdifferenceinfilmthiclmesshaspreviouslybeensuggetiedby
Ackermann(ref.19).

Analysisusing“transport”theory.- Fromkinetictheoryandthermo-
dynamicsofirreversibleprocessesit isfoundthatthetransportof
ener~ isdependenton: (1)A temperature~dient, (2)transportof
thermalener~by thefluxofmolecules,and(3)the“reciprocalprocess”
tothermaldiffusionknownasthe“Dufoureffect.” .

By neglectingtheDufoureffectoneobtainsthefollowingenergy-
fluxequationfora two-componentsystemintermsofa pke movingat
themassave~gevelocity:

TO obtainthe
transformationfor
formationgives:

Again,ifthere

q = -IWT+ nlmlH1~l+ n@2H2dW

heatfluxwithrespectto the.liquid
velocitiesmustagainb performed.

1“
= ‘mT+ ‘l<Hlvdl

isnotemperaturegradient

(B28)

surfaceI,a
Thistrans-

(B29)

tangentialtotheliquid
surfaceandifthedropis sphericalatthe11.quidsurface,thisreduces
to

?)I=-—
ar r=ro+ ‘lb%.vdl (-W)
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To obtainthetotalenergytransportedtotheliquidsurfaceinte~ate
overtheentireliquidsurface:

L = .KAo
J( )

al?
z r=ro+ ‘Onlwlvd-l

It isagainconvenientfordtiensionalanalysisto definea reduced
temperatureas

T+. T
‘B - TL

(B31).

(B32)

Then

L ‘-%(TB - ‘L)j’~)pr “+ ‘#lmlHlvdl (B33)
-o

Theener~ L’arrivingattheliquidsurfacedoesnotincludethework
donebythemovingboundary.Includingthisworkintheenergybalance
forthesystem,oneobtains:

%L=‘o~-%LEL + ~ ~ + ‘OVL (B34)

However,

!%=.w
‘O%%)k = df)

and

A@L
~L

= PVLde— = -pvLw

Makingthesesubstitutions,combiningequations(B33)and(B2),and
rearranginggive:

[ 1-W EL+pVL)-H1 +ML~

..-. .—- —___ ___ ____ ___ —— -

=

.—_____ ____ . _

(B35)
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Ifonec~bties(~ + pVL)as HL andusestheusual.definitionof
thelatentheatofvaporizationA as (~ - HL)he obtains

KA
+,, +(s)- ~’ =-”%%. .
a.

(B36)
o

Theright-hindsideofthisequationhasbeendefinedpreviouslyas Qv
ortheheatarrivingatthedropsurface;thatis

By definition

(B37)

(B38)

then

‘%=2(TB-‘d””u “ (B39)
o

Again,equation(B37)isthefundamentalequationforheattransfer. to theliquidsurface.It assumesthat:

(1)

(2)

TheDufouxeffectisnegligible

Thetemperaturedifferencebetweentheliquidsurfaceandthe
freeairstresmhasa constantvalue

Also,againequation(B37)hasnatbeenusedexplicitlyto evaluateheat

transferbecauseofthedifficultyinevaluating

eggationoftheempiricalform

~ . hAo(~- ‘L)

hasbeenusedwheretheheat-transfercoefficient
aboveequation.Ithasalsobeenrecognizedthat

(B40)

h wasdefinedbythe
thepresenceofmass

—.
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transferaffectstheheattransferandsomeauthorshavethenpreferred
theempiricalequation

(lAl)

where Z wasdefinedearlierand h wasconsideredtobetheheat
transferin’theabsenceofmasstransfer.

Reference20hasshownthatinthe
Buckinghamtypeofdimensionalanalysis
group

h2ro .7
— = l!NUK

absenceofmasstransferthe
willresultinthedimensionless

(B42).

whereby definitiontheabovedhensionlessgroupwascalledtheNusselt
number.ThisdefinitionoftheNusseltnumberhasbeenusedinmost
experimentalcalculations.It isalsotruethatmostexperimtialcor-
relationshave
transfer.

Thevalue

beendeveloped

ofthereduced

underconditionsofeitherlowornomass

temperategradient &* U*
1( )
~~

r=ro

dependsuponw~t~r ornotmasstransferispresent.Itisalsoobvious
fromequation(B41)thatthetotalheattransferisnotthesameatthe
outerandinneredgesofthefilmwhenmasstransferispresent.There-
foreforheattransferinthepresenceofmasstransferitmustbe speci-
fiedwhetherreferenceismadetotheheattransferredtotheouteror
inneredgeofthefilm. Thuswhentheempiricallydefinedequation
Q =H iSused~th presenceofmasstransferitisnecessaryto
specifywhetherQ istheheattransferredtotheouteror inneredge
ofthefilln.

Again,confusionetistsbecauseofthelackofcleardefinitionof
term9.Theauthorcurrentlyfeelsthatitismostadvantageousto define
Q astheheattransferredthroughtheinneredgeofthefilm,thatis,
to theliquidsurface,andto defineh underallcircumstancesas

% = ‘o(%B - ‘L)

.

— .. ——. . .--. —-- -—— .-- ———. —_ ——. — —
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TheNusseltnuniberwouldthenbe definedas

andwouldimplicitlybe a functionof

NAC!ATN *go

whether-masstransferispresent.
●

In connectionwiththeabovetheoryofthesignificanceofthe
Z termusedinthecalculations(eq.(B41)) theNusseltnumberusedwas
definedby equation(B42);however,itwasobtainedunderconditionsof
smalls~taneous masstransfer.Thisconditionwillagainbe denoted
bythesuperscripto fortheSch.lichtingdefinitionoftheNusseltnum-
beror

mo*
‘Nu= R br*r=ro

Combining equations(B41)and (B42),

1( )%=>(TB-TL)Z~~”
o r=ro

Comparingthiswithequation(B36)andsolvingfor Z,

(B43)

(B44)

(B45)

.- ——
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mass

CAUUIATICWFORLIFEZ’IME@ A VAPORIZINGDROPUNDER

DDTERENTAIRVEZOCITIES

Equation(27)ofreference1 statesthatinthesteadystatethe
rateofvaporizationisgivenby

dML
w=-—= C3ro

de (2

where C3 and C4 areconstantsfora
state foram velocitycondition.
values:

C3 =

.

1/2+ C4ro. ) (cl)

dropvaporizinginthesteady

Theseconstantshavethefollowing

m..

C4= o.qNJ/3(#2

Themassofthedrop ML is

4ML = ~ firo3pL

Therefore

Combiningeqyations(Cl)and(C4)andrearrangingthemgive

h% r. dro
dO=-—

C3
(

1/22 + C4ro )

(C2)

(C3)

(C4)

(C5)

.- ..—.—.—_. __. . ______ .__. ___
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CaseI: ZeroVelocity

Ifthelimitingcasewherethevelocityoftheairwith
dropiszeroisconsidered,then C4 willbe zerosince
velocityandequation(C5)reducesto

2JIp-L
de =-—

C3 ‘o aro

NACATN3490

respectto
itinvolves

(c6)

Integratingequation(c6)betweene = O and e = et,thetotalvaporiza-
tiontimewhere r. = relytheWtial hop radius,&d r. = O gives:

fipL 2
()‘t= ~ ’01

3

Mstitutingfor Cs (eq.(C2)) gives #

(C7)

(c8)

Solvingequation(26)ofreference1 for pm
r)

afi~ thete~ #
to rfT (seeappendixB) give

m

rfT~uZ
‘fL= D#$Ju’a( )‘B - ‘as (C9)

Notingthattheterm NNu/NNu’reducesto 1 at zeroairvelocityand
combiningitwithequation(c8)give

‘t =

pLA

()
2

’01 (Clo)
%Z(TB - ‘as)

CaseII: HighRepoldsNumber
.

TheotherlimitingcasewouldbewheretheReynoldsnumberwas@te
highandthefactor2 inequation(C5) couldbe neglected.Underthese
circumstancesequation(C5) reducesto

.-——— - ———. —



NACATN 3490

4YrpL 1/2
df3=-—

C3C4()‘o
&c.

43

(clJ_)

Integratingequation(Cll)betweenthesame13mitsas in caseI gives

851PL 1.5
%=- ()

r
c3ck 01

(c12)

Substitutingvaluesfor
C3

forthePrandtlandReynolds
give

and Ck frcnneqyations(C2)and(C3)and
numbersandcombiningthemwithequation(C9)

% =

2.222P-J-A

%Z(TB - ‘as)

1/3 1/6 “
%1%
W &2 FoJ”5

(C13)

CaseIII: GeneralCase

Integratingequation(C5)betweenthesamelimitsas incasesI
andIIgives

[

‘PL 8 10&
2

(

1/2+ C421’24 - C4rol%=- C3C4
+ C4r01

1/2 — rol
2 + C4rol 3 ]

(C14)

where C
3.

and C4 aredefinedby equations(C2)and(C3).

. ... . —z— ....— ______ ___ __ —-.—-— .—=— ._-. —. —.—— _
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TABLEI

CCSNDITIONSFOREXPERIMENTS

n-Hexane

n-Heptane

n-octane

Isooctane

n-Nonme

n-lkcane

200to 620

In to 620

~to6m”

2W to 620

200to 620

~o to 620

125to 225

Dropradius,
in.

0.030to 0.040

.031to 0.041

.032tO 0.041

.030to 0.040

.032tO 0.042

.032tO 0.042

.033to 0.042

Airvelocity,
in./see

70to 100

70to 100

.50to 300

70to 100

70to 100

70to 100

50to 303

-— —. .
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Figure3.-Experinkmbaldropshapes.
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(a) n-Octene in still air;
64 fremes Wr second.

(b)n-Octane instiu air;
16frames-r second.

(c) Cetaneinm air L-89338
stream; 64 frames
~r second.

Figure 6.- Alumlnm oxide particles showing circulation inside drops.
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Figure 7.-High-speedphotographorinternalcirculationindrop8.L-89339

CetanedropInE-foot-per-secondupward air streem; frame6
0.005 second apart.
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Figure 8.- Circulation in drops. Y
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Figure 10. - Experhental wet-bulb tmperaturea for n-octane using
different thermocouples and air t.mperalmrea.
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(a) n-Hmane. Air temperature, 1,073° R; air velocity,
93 inchesPersecond.

Figure Il. - Experimental reproducibili@.
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(b) n-HePtane. Air temperature, 812° R} d.r” velocity,
92.6 inches per second.
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(b) n-kcane drops.

Figure 32. - Concluded.
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(a) Air temperature, 680°R.

Figure 14.- Experimental tmnperature-time and radius-time hlstaries of
droplets of different compositions. M velocity, 90 inches per
second.
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Figure19.- Heattransferintodroplettithfinitethermalconductivity.
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